INTRODUCTION
Pentadactyly is the characteristic feature, inherited by all the modern tetrapods from their ancestors, although many species have reduced the number of digits or even lost the limbs. 1 2 Despite the multiple variations on the basic pentadactylous pattern, a limit of five in the number of digits appears to be constant. Variation in this number can cause multiple digital deformities. The major types of digital deformities are polydactyly (digit duplication) and syndactyly (fusion of soft tissues and/or bones). According to the location of an extra digit, there exist three categories of polydactyly: preaxial (radial side) polydactyly characterised as an extra thumb or large toe deformity, central polydactyly and postaxial (ulnar side) polydactyly (PAP) with an extra little finger or toe. 3 The extra digit ranges from a rudimentary structure to a fully developed and functional ray and can be an isolated finding or part of a genetic syndrome. [4] [5] [6] Biesecker, 7 compiled a list comprising of 310 disorders (syndromic, 290 entries and nonsyndromic 20 entries) with polydactyly, of which 80 disorders are associated with mutations in a total of 99 genes.
The aetiology and pathogenesis of polydactyly is incompletely understood, but evidence suggests that the more common isolated occurrences of polydactyly are inherited as an autosomal dominant condition with variable penetrance. Four genetic loci are known for autosomal dominant PAP: PAP1 on 7p13 caused by mutation in GLI3 gene, 8 9 PAP2 on 13q21-q32, 10 PAP3 on 19p13.1-13. 2 11 and 7q21-q34. 12 Recently we reported mapping of the first locus of autosomal recessive PAP type A in a consanguineous Pakistani family on chromosome 13q13.3-q21.2. 13 Here, we present a second consanguineous Pakistani family segregating PAP type A. Whole exome sequencing (WES) identified a missense mutation (c.1420C>T; p.Thr474Ile) in the zinc finger gene ZNF141 located on the chromosome 4p16.3.
METHODS

Family history
A consanguineous family, segregating autosomal recessive PAP type A was sampled from the Punjab province of Pakistan. The pedigree (figure 1) provided convincing evidence of an autosomal recessive mode of inheritance of the PAP type A. The four affected individuals (V-1, V-2, V-3, V-4) of the family were carefully examined at the local government hospital and no additional phenotype other than PAP type A was observed. The study was approved by Institutional Review Board (IRB) of Quaid-i-Azam University, Islamabad, Pakistan. Venous blood samples were collected from four affected (V-1, V-2, V-3, V-4) and five unaffected individuals (IV-1, IV-2, V-5, V-6, V-7). Informed written consent for the study, including presentation of photographs for publication, was obtained from affected individuals and their parents.
Whole Exome Sequencing (WES)
Family members V-1, V-2, and V-4 were subjected to WES. For each sample, 4 mg of genomic DNA was enriched for the target region of all human the consensus coding sequence (CCDS) exons 14 with Agilent's SureSelect Human All Exon Kit V2 and subsequently sequenced on Illumina Genome Analyzer II with 100 bp single end reads. The raw data of ∼5 GB per Exome was mapped to the haploid human reference sequence hg 19 with Novoalign. 15 Single nucleotide variants and short insertions and deletion were detected with SAMtools. 16 All variants were annotated with annovar 17 and filtered using GeneTalk. 18 The filtered variants were validated by routine Sanger Sequencing in all family members with ABI Prism BigDye terminator cycle sequencing reaction kit (Applied Biosystems, Foster City, California, USA) on ABI3730 Genetic Analyser (Applied Biosystems). Primers to amplify the WES variants were designed using primer3 software 0.4.0.
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Genotyping
Genotyping using 27 microsatellite markers, selected from Rutgers combined-linkage physical map (build 36.2) 20 was performed to construct the haplotype. Two-point linkage analysis was carried out using the MLINK programme of the FASTLINK computer package, 21 while multipoint linkage analysis was performed using allegro V.2. 22 Mendelian incompatibilities and unlikely genotypes were searched by PEDCHECK and MERLIN, respectively. 23 24 Haplotypes were constructed with the use of SIMWALK2. 25 Graphical visualisation of haplotypes was performed with HAPLOPAINTERv029.5.
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Array comparative genomic hybridisation (aCGH)
Prior to WES, high resolution aCGH (1 M oligo array, Agilent Technologies, Santa Clara, California, USA) was performed in an affected member (V-1) of the family, according to Agilent's protocol (Agilent Technologies, Santa Clara, California, USA). Image data were analysed as described previously. 27 The pathogenic aCGH findings in this patient were verified by quantitative real-time PCR (qPCR) on ABI prism 7900HT Sequence Detection System, as described by Klopocki et al. 
RESULTS
Clinical description
Affected members of the present family presented bilateral, wellformed duplication of 5th finger on hands and feet ( figure 2A,B) . Additionally, the 5th finger was wide and deviated to either radial or ulnar side. However, variable status of this condition was observed among the affected individuals. In an affected individual V-1, 5th finger on the right hand deviated to the radial and on the left hand towards the ulnar side. The 5th finger on the left hand was wider and more deviated than the finger on right hand (figure 2A). Radial deviation and wideness of only left hand was observed in affected individual V-2 ( figure 2C ).
Another affected individual, V-3, showed only radial deviation of 5th finger on both hands (figure 2D), whereas wide finger on the right hand and radially deviated 5th finger on the left hand were observed in a fourth affected individual (V-4) of the family (figure 2E). Radiography of the hands of affected individuals (V-1, V-3) showed, well developed 6th finger joined to the bifid metacarpal bone (figure 2F,G), radially deviated 5th finger on both hands of V-3 ( figure 2F ) and on only the right hand of V-1 ( figure  2G ). The left hand of V-1 showed duplicated distal phalanx sharing common distal inter-phalangeal joint and small intermediate phalanx of the 5th finger (figure 2G). Duplicated forked shaped 5th metatarsal bone was observed in radiography of the feet ( figure 2H) .
Teeth, nails, sweating and hearing were normal in all four affected individuals of the family. Neurological problems and facial dysmorphism were not observed in any of the affected individuals. Heterozygous carrier individuals had normal hands and feet, and were clinically indistinguishable from genotypically normal individuals.
Filtering of exome sequence variants
The raw sequence data of all exome sequenced individuals (V-1, V-2, V-4) allowed variant calls of high quality for over 90% of the CCDS exome target region (see online supplementary figure  S1 ). In all three individuals between 23 000 and 24 000 single nucleotide variants and small insertions and deletions (<20 bp) were detected. Homozygous segments that are shared in all three affected siblings were identified and variants in these segments were filtered for missense, nonsense, frameshift and splice site mutations in GeneTalk 18 (see online supplementary table S1). All genotypes that were reported with a frequency above 0.001 in dbSNP, the 1000 genomes project or the 5000 exomes project [29] [30] [31] were removed and only 13 mutations remained (table 1). All of these candidate mutations, identified in all three affected subjects, were validated and sequenced by ABI Sanger in the remaining family members. The only variant that cosegregated with the phenotype was a missense mutation in ZNF141, in exon 4 of transcript NM_003441 at c.1421C>T ( figure 3 ). This mutation causes an amino acid exchange of a threonine that is conserved in all primates (figure 4) into an isoleucine. As the mutated threonine is conserved only across the primates, we can conclude that the ZNF141 gene has primate specific function.
The sequence variant c.1420C>T also mutates a recognition site of endonuclease SmoI (see online supplementary figure S2). The loss of this recognition site was used to screen 100 unaffected, unrelated and ethnically matched control individuals and to estimate the frequency of this mutation in the same population background. None of the tested controls showed a loss of this recognition site indicating that c.1421C>T is a family specific mutation.
Construction of the haplotype
To construct the haplotype by SIMWALK2, 25 genotyping was performed using 27 microsatellite markers mapped in the vicinity of the gene ZNF141. Only 16 of these markers (D4S3360, D4S43, D4S1614, D4S127, D4S412, D4S179, D4S2957, D4S432, D4S3023, D4S2925, D4S2375, D4S2285, D4S2366, D4S3007, D4S394, and D4S2983) were informative and considered for further analysis. Analysis of the marker genotypes within this region with PEDCHECK and MERLIN did not detect any genotyping errors. A recombination event between markers D4S2285 (7.94 cM) and D4S2366 (12.57 cM), defined the centromeric boundary of the linkage interval. However no recombination event was observed at the telomeric boundary. The linkage interval flanked by markers, D4S3360 (0 cM) and D4S2366 (12.57 cM) corresponds to 6.53 Mb on chromosome 4p16.1-p16.3, according to Rutgers combined-linkage physical map of the human genome. 20 The results of the two-point and multipoint linkage analyses are presented in online supplementary table (S2). The maximum two-point Logarithm of the Odds (LOD) score of 2.63 at 0 recombination fraction (h=0.00) was achieved for a markers D4S127, D4S412, D4S179, D4S2957 and maximum multipoint LOD score of 3.38 was obtained with marker D4S412 along the disease interval.
DISCUSSION
PAP, characterised by fifth digit duplication in hands and/or feet, is a rare anomaly of the hand and foot and often segregates in autosomal dominant manner. In the present study we have presented a family segregating PAP type A in an autosomal recessive manner. Previously, only two families segregating PAP in autosomal recessive manner had been reported. 13 32 Umm-e-Kalsoom et al 13 further reported mapping of the PAP type A in their family on chromosome 13q13.3-q21.2. Affected individuals in both of these families had well developed sixth digits. In the family reported by Umm-e-Kalsoom et al 13 an additional feature of hallux valgus deformity was observed in one of the affected individual. Affected individuals of the family, presented here, showed well-formed six digits in both hands and feet. This form of autosomal recessive PAP is clearly distinct from the one we described previously, 13 as it clearly maps in a different chromosomal location. Also, the present study showed a novel phenotype of wide and deviated fifth finger on at least one hand. The wide finger is indicative of duplication of one or all the phalanges of the 5th finger, as observed in radiograph of an affected individual (V-1) showing duplicated distal phalanx. In families segregating autosomal dominant forms of PAP, affected individuals often shows features representing both type A and B PAP. 8 10 11 An additional feature of partial cutaneous syndactyly was reported in one of these families which mapped on chromosome 7q21-q34. 12 WES followed by Sanger sequencing of variants identified a missense mutation (c.1420C>T, p.Thr474Ile) in the gene SIFT_seq_submit2.html). Analysis of polyphen-2 ( positionspecific independent counts score of 1.000) and SIFT (score of 0.00) revealed that the substitution of threonine by Isoleucine ( p.Thr474Ile) could probably have a damaging effect on ZNF141 structure thus affecting protein function.
The ZNF141 belongs to the Krüppel (C2-H2) family of zinc finger proteins, having an open reading frame of 1422 bp and encoding a 474 amino acid protein. The encoded protein has a Kruppel-Associated-Box (KRAB) domain, subdivided into box A and box B and 10 zinc finger motifs. Competitive RT-PCR analysis, showed expression of ZNF141 in pancreas, lungs, spleen, liver, kidney, skeletal muscles, testis, brain and placenta. 33 The C2H2 zinc finger genes (C2H2-ZNF) make up ∼2% of all the human genes and represent the second largest gene family in humans after the odorant receptor family. [34] [35] [36] [37] The C2H2-ZNF proteins often contain an effector domain that is always located N-terminal to the zinc finger region, such as the KRAB, SCAN (SRE-ZBP, CTfin51, AW-1 and Number18 cDNA) and BTB (Broad-Complex, Tramtrack and Bric-abric) domains. [38] [39] [40] The KRAB-associated ZNF (KRAB-ZNF) proteins are specific to tetrapod vertebrates, but the family has expanded dramatically to include hundreds of members in mammals. [41] [42] [43] Huntley et al 44 identified 423 KRAB-ZNF genes and compared human genes with ZNF loci mined from the draft mouse, dog and chimpanzee genomes. Only 103 KRAB-ZNF genes were found to be conserved in mammals and the remaining 136 KRAB-ZNF genes are primates specific, thus providing a clear evidence of lineage specific expansion.
Homology search for ZNF141 (ensemble genome browser), indicates that the substituted threonine residue is conserved across different primates species (figure 4), which suggest that this residue is important for the function of ZNF141. Since no ortholog was identified in species other than primates, we can conclude that ZNF141 has primate specific function and some other gene is performing the same function in other mammalian species. Identification of ZNF141 homologue in mouse, chicken or zebra fish will help to study the normal and abnormal expression of ZNF141 in developing limbs. Also identification of the putative target DNA sequences and the possible role of ZNF141 in transcriptional regulation may enhance the understanding of limb embryogenesis.
